ABSTRACT. The present study provides data on the distribution of 128 bee species on the Polish Baltic coast. This brings the total number of species of Apiformes in this region to 164, including those that I reported earlier. The bee fauna of the Polish coast is characterized by a very high proportion of bumblebees and cuckoo bees (locally up to 70-80% of the total catch), and the dominant proportion of Megachilidae, especially Megachile species. The species diversity and dominance structure of the Apiformes differ between the western coast (a very high proportion of bumblebees) and the eastern coast (a large number of dominant species). These results confirm my earlier hypothesis regarding the maritime-continental gradient of bumblebee abundance, indicating that the densities of these insects are higher in NW Poland. This study is the first to assess bee densities on coastal dunes in Poland.
INTRODUCTION
The Polish geographical region known as the Baltic Coastland (Pobrzeże Bałtyku) stretches for a distance of ca 400 km along the entire Polish coast. Obviously, the sea exerts the dominant influence there. Several vegetation zones are distinguishable on sandy parts of the coast: a flat beach, usually devoid of any vegetation; a ridge of white (yellow) dunes; a belt of grey dunes with sandy grassland, gradually colonized by Pinus sylvestris L. and Salix arenaria L. (SZAFER 1972) ; brown dunes, i.e. adjacent pine forest or other plant Acknowledgements I am grateful to Anna SOBIERAJ MSc and Barbara KILIŃSKA MSc for their help with the technical preparation of the collected materials. I would also like to thank Prof. Halina RATYŃSKA and Dr Lucyna TWERD for consultations. The manuscript was partly translated into English by Sylwia UFNALSKA MSc, MA. 
STUDY AREA AND METHODS
Bees were studied in detail at 16 sites along the Baltic coast, from the island of Wolin in the west to the village of Piaski on the Vistula Spit in the east. Field research was conducted primarily on the grey dunes and the adjacent white dunes (closer to the sea), but also in adjacent pine forests or, rarely, deciduous forests (Fig. 1) . Over a period of nearly 30 years (1986-1989, 1994, 1997, 2002-2003, 2005, 2007-2015) , a total of 24 sites were visited, although with varying intensity, from single assessments to long-term monitoring, as in the case of Ustka-Uroczysko, where field research was carried out for many years.
Because of the very long stretch of coastline covered by this study, I devoted more or less time to individual sites, depending on my varying logistical opportunities. Thus, the research at some sites lasted for just a few hours during one day, at some others for several days, whereas at selected sites it continued for many days and was repeated over several years. My investigations lasted the longest at Ustka-Uroczysko (west of the town of Ustka) -a total of 28 days during 6 consecutive years. I also carried out extensive research on the island of Wolin (13 days), in the town of Łeba (13 days), and in the town of Krynica Morska (15 days) on the Vistula Spit. I studied bees throughout the growing season, i.e. from April till September, but chiefly in summer, in July-August.
To assess species diversity, insects were caught with an entomological net by non-linear searching on flowers and at favourite bee nesting sites. Bee density was assessed along linear transects, as described in my earlier paper (BANASZAK 1980) . This method consisted in walking along a 200 m long path and counting and, if necessary, catching the sighted insects. This was done whenever the weather was favourable for bee activity, i.e. at 18°C and low winds. Every time, I recorded the species of forage plants on which bees were sighted. To standardize bee species richness, the procedure of averaging the species accumulation curve, known as the rarefaction curve, was used (GOTELLI & COLWELL 2011) . To estimate the expected number of species, several estimators were used: Chao 1 mean (CHAO 1984) , Chao 2 mean (CHAO 1987) , Jack 1 mean (BURNHAM & OVERTON 1978 , 1979 HELTSHE & FORRESTER 1983) , and Jack 2 mean (SMITH & van BELLE 1984) . Chao 1 (CHAO 1984) and Chao 2 (CHAO 1987) are classic estimators based on single and double observations of the occurrence of individual species in the samples. Chao 1 is sensitive to zero samples, when f2=0. The modified estimator Chao 1, i.e. Chao 2, is insensitive to zero samples when f2=0. Jackknife 1 (first-order Jackknife) is based on the frequency of single observations of species (singletons) (BURNHAM & OVERTON 1978 , 1979 HELTSHE & FORRESTER 1983) . Jackknife 2 (second-order Jackknife) is based on the frequency of single records (singletons) and double records (doubletons) of species (SMITH & van BELLE 1984) . All the calculations were done using EstimateS v.9 software (COLWELL 2013).
STUDY SITES
Human management has led to inconsistencies between the potential natural vegetation and the actual vegetation. Outside the grey dune zone, it usually consists nowadays of evenaged pine plantations with an admixture of other tree species, as reflected in the descriptions of the individual study sites below (Fig. 2) . 
RESULTS

Taxonomic composition and dominance structure of Apiformes
My investigations at the 15 sites resulted in the collection of 1 772 bees of 128 species. Some species could be identified live. A complete list, with the numbers of individuals recorded at the particular sites, is presented in Table 1 .
The numbers of species observed at the sites investigated and in the region as a whole are not complete, as the species accumulation curve for the study area has not reached the asymptote. The estimated number of species of Apoidea of the Polish coast is from about 140 to 170 (Fig. 3) . The Jackknife 2 method gave the highest estimate. The species accumulation curve presented here continues to exhibit an increasing trend, so the number of visits is still insufficient. Individual sites were studied at various seasons of the year, and the duration of field research varied widely between the sites. Nevertheless, the results undoubtedly reveal the major components of the bee fauna of the Baltic coast, especially of the grey dunes, which was the major aim of this study. This habitat type is quite uniform, irrespective of its location on the east-west line. The study area is characterized by a surprisingly high proportion of bumblebees (Bombus terrestris, B. lucorum, B. pascuorum and B. lapidarius) and their nest parasites, i.e. cuckoo bees (Psithyrus bohemicus and P. rupestris), which in total account for about 40% of all the bees recorded (Fig. 4) . However, this trend does not apply to the whole coast, as the proportions of the major species differ substantially between the western partof the coast (Wolin-Łeba) and its eastern part (Gdańsk-Piaski on the Vistula Spit). Very high numbers of bumblebees and cuckoo bees are maintained on the western coast, with dominant Bombus lucorum, B. terrestris, Psithyrus bohemicus and P. rupestris (about 9% of the total catch each), as well as Bombus pascuorum (6%) and B. lapidarius (4%) (Fig. 5) . A greater diversity of dominant species is observed on the eastern coast, where the major species is Bombus terrestris (nearly 12%), but subdominants include Hylaeus annularis (nearly 8%), Colletes daviesanus (about 6%), Bombus lucorum (>5%), B. pascuorum (4%), Megachile leachella (nearly 4%), Dasypoda altercator (3%) and Epeolus cruciger (>3%) (Fig. 6 ). It is also interesting to compare the species composition of bees on the two spits, i.e. the Hel Peninsula and the Vistula Spit. On the Hel Peninsula, the dominant species are members of the family Colletidae, with large percentages of Colletes daviesanus (>11%) and Hylaeus annularis (about 11%), as well as Bombus terrestris (>10%), accompanied by subdominant Epeolus cruciger (about 7%), Megachile leachella (about 6%) and Bombus lucorum (6%), and smaller numbers of Megachile circumcincta and Osmia mustelina. The dominant families on this spit are thus Colletidae and Megachilidae. Such a high proportion of Megachilidae is exceptional to this part of the country, itself rather isolated and exceptional, and to my knowledge has not been recorded in any other region of Poland (Fig.  7) . On the Vistula Spit, bumblebees make up a greater proportion of the total catch, including Bombus pascuorum (>10%), B. terrestris (>8%) and Bombus lucorum (>6%), but large percentages of Osmia rufa (>7%) and members of the Colletidae -Colletes cunicularius (nearly 8%) and Hylaeus annularis (>4%) -were also recorded (Fig. 8 ).
An interpretation and explanation of the more general results is provided, to some extent, by an analysis of the research results from individual sites, especially those where the sampling effort was greater. For example, the dominant role of bumblebees on the Baltic coast is confirmed by the research on Wolin, where the Apidae account for >70% of the total catch (Fig. 9) , very much as at Wicie 80% (Fig. 10) , Kołobrzeg ≈45% (Fig. 10) , Ustka ≈70% (Fig. 12) , Krynica Morska 60% (Fig. 13) and Gdańsk 45% (Fig. 14) . Surprising results were recorded at Kuźnica on the Hel Peninsula, where Megachilidae accounted for as many as 30% of the total catch (Fig. 15) . A total of 25 bee species were recorded there, with Megachile leachella and M. circumcincta being dominants. The fertile coastal deciduous forest at Kołobrzeg, in contrast, was characterized by a high contribution of Andrenidae (Fig. 11) , and with as many as ≈45% of the bees representing Apidae.
Quantitative analyses (bee density)
Bee densities were assessed in summer at Pogorzelica, Krynica and Ustka, and in spring (May) at Kołobrzeg. The mean bee density was 1750.0 ind/ha on the grey dunes, but only 50 ind/ha in the adjacent pine forest. Similar differences were observed at Ustka, where the average bee density on the grey dunes in August was 1 525.0 ind/ha, but only 150-550 ind/ha in the adjacent pine forest. The pine forest, where nesting sites are not easily accessible and bee forage plants are not abundant, thus offered much less favourable living conditions, so bee abundance was often some 10 times less than on the grey dunes. In the pine forest, the dominant bee forage plant was Melampyrum pratense, the one visited the most frequently, especially by bumblebees. Grey dunes, with their rich vegetation, provide food for abundant and diverse pollinators.
It is noteworthy that in spring at Kołobrzeg in fertile deciduous forest, the mean bee density was about 400 ind/ha. 
Long-term monitoring of bee abundance on grey dunes
Repeated visits to Ustka-Uroczysko allowed a more detailed assessment of the variation in species diversity and density of the summer fauna of Apiformes. The permanent study site covered about 1 ha of the grey dunes. It was investigated in late July 2010 and in early August during five years (2009 and 2011-2014) . The fieldwork in July 2010 was less successful because of the very hot weather and the early drying of the vegetation. Reliable and comparable data were collected in the other 5 years, when investigations were conducted in early August. The observed mean bee densities were then generally close to 1500 ind/ha. Only in 2011 did the bee density exceed 2000 ind/ha (Fig. 16) .
In total, 31 species of wild bees were recorded at that site. The most abundant and constant among them was Dasypoda altercator, recorded every year and reaching densities of 75-150 ind/ha. Other relatively constant species included Bombus terrestris (50-225 ind/ha), B. pascuorum (12.5-150 ind/ha) Psithyrus rupestris (150-500 ind/ha) and Coelioxys mandibularis (12.5-75.0 ind/ha). A comparison of densities of wild bees and Apis mellifera indicates some competition between them, reflected in alternating changes of their densities (Table 2) . 
Variation in bee densities along a transverse section of dune habitats
Substantial differences between white and grey dunes were observed in this study (Table 3) .
White dunes. Only 5 species were recorded: Bombus terrestris, B. lucorum, Psithyrus bohemicus, Hylaeus annularis and H. gibbus, with bumblebees being dominant (Fig. 17) . This is due to the scarcity of bee forage plants and the unstable substrate, periodically covered by seawater. Plants are represented by clumps of Cakile maritima, visited chiefly by bumblebees and cuckoo bees, and sporadic clumps of Eryngium maritimum, visited by Hylaeus species, but also bumblebees and cuckoo bees, as well as honey bees.
Grey dunes. Bee diversity was the highest there: 97 species (Table 3 ). This is due to the rich vegetation, including many bee forage plants, as well as the excellent accessibility of favourable nesting sites in the soil and in parts of the plants growing there. Major bee forage plants in summer included Hieracium umbellatum, Melilotus albus, Rubus sp., Helichrysum arenarium, Jasione montana and Rosa rugosa. In spring, bees visited chiefly the flowers of numerous Salix species. The most frequent species of Apiformes were (Fig. 18) . Pine forest. The coastal pine forest was visited by 43 bee species, found mainly on Melampyrum pratense but also on Calluna vulgaris and Impatiens parviflora. The habitat was dominated by bumblebees, especially by Bombus lucorum and the subdominant B. terrestris, accompanied by the less abundant B. pascuorum, Psithyrus rupestris and Colletes daviesanus (Fig. 19) .
Fertile deciduous forest in Kołobrzeg. The sub-Atlantic beech-oak-hornbeam forest (Stellario-Carpinetum), adjacent to the beach, was colonized by 40 species typical of this forest type. It should be noted, however, that fieldwork was conducted there only in spring (May), so the recorded species include the major and most typical components of the bee fauna of this habitat. At that time, the characteristic plants of the forest floor were already in flower, e.g. Ranunculus ficaria, Anemone nemorosa and A. ranunculoides. Along the forest edges, Lamium purpureum was abundant. The dominant species in the study period was Andrena haemorrhoa, while subdominants were the bumblebees Bombus lucorum, B. pascuorum, B. terrestris and B. hortorum. The nest parasite associated with B. lucorum, i.e. Psithyrus bohemicus, accompanied the dominant species. Anthophora plumipes was also abundant, accounting for 6% of the total catch (Fig. 20) . 
DISCUSSION
This paper summarizes the results of my long-term research on bee diversity, density and ecology on the Polish Baltic coast, primarily on the coastal dunes. My earliest notes from the island of Wolin date back to the 1970s (BANASZAK 1973), which were later supplemented with more detailed field research (BANASZAK 2010) , and the first list of Apiformes of the Polish Baltic coast (BANASZAK 1982) . Overall, the results of this study and my earlier publications provide data on the occurrence of 164 species on the Polish Baltic coast (Table 4) , i.e. 35% of the total number of species of Apiformes known from Poland. This number is close to the estimated number of species. It is noteworthy that an additional 52 species were reported from this region earlier, mostly of historical importance, e.g. SIEBOLD 1850 , BRISCHKE 1864 , 1888a , 1888b , 1888c , or ALFKEN (1909 , 1912 , 1924 ) and BLÜTHGEN (1919 , 1942 . They are Andrena apicata, A. bimaculata, A. chrysosceles, A. cineraria, A. fulvago, A. hattorfiana, A. lapponica, A. marginata, A. niventa, A. proxima, A. schencki, A. semilaevis, A. spreta pusilla, A. vaga Nomada bifida, N. fabriciana, N. flavoguttata, N. guttulata, N. marschamella, N. ruficornis, N. striata, Osmia brevicornis, O. maritima , Sphecodes puncticeps, Stelis phaeoptera, Tetralonia dentata and Trachusa bysina. Commenting on the large number of currently unconfirmed species, it must be noted that some of them are quite common in Poland and will undoubtedly be found in the coastal belt as well. Some species have been reported further away from the dune zone, and the older researchers listed them, often without specifying the study site, e.g. BRISCHKE (1864). The vast majority of the species listed above are currently recorded in Poland, so further research at sites other than those analysed here will probably provide confirmation of the presence of some of the missing species. A species evidently associated with the dune belt is Osmia maritima. It is common on the Frisian Islands (HAESELER 2008) , where I too observed it. In the study area it was recorded only by BLÜTHGEN (1919) , since when its occurrence has not been confirmed. This species inhabits only coastal dunes and has been reported from the coasts of the Netherlands, Germany, Denmark, Pomerania (near Ustka), Polish Prussia and Finland (NOSKIEWICZ 1950) . Also Colletes impunctatus NYLANDER, 1852 and its parasite, Epeolus alpinus FRIESE, 1893, have not been confirmed, but they are known also from the southern Baltic coast and the Frisian Islands (NOSKIEWICZ 1950) . It is interesting to compare the total number of bee species in the dune habitats of the Polish Baltic coast with those of the dunes along the North Sea. The total number of species that I recorded on the Baltic coast (164) is similar to that found on the dunes of the East Frisian Islands (152) by HAESELER (2008) . Generally, these two lists are also similar with respect to taxonomic composition. However, the proportions of western species typical of dunes (such as Osmia maritima or Colletes impunctatus and Epeolus alpinus) clearly decline, as mentioned above. This study provides the first data on bee density in coastal habitats in Poland. Most of the detailed data on the wild bee density on the grey dunes were gathered in summer. In early August it varied from 700 to 1 625 ind/ha, which is relatively high and comparable with the bee density on xerothermic grasslands along the lower River Vistula, where the mean was about 1240 ind/ha (BANASZAK and CIERZNIAK 1994) . The high species diversity of bees on the grey dunes (nearly 100 species) and their high density indicate that dunes are refuges of wild bees. They should therefore be subject to special protection, especially from the impact of tourism and recreation.
A comparison of the proportions of bee families on the Baltic coast and in the whole country clearly shows that the study area support a specific bee fauna (Fig. 21) . Particularly noteworthy is the high percentage of bumblebees, a markedly lower proportion of Andrenidae and a relatively high percentage of Megachilidae (Fig. 14) . Bumblebees and cuckoo bees on the Polish Baltic coast accounted for 40% of the total catch. Moreover, the dominance of the Apidae (in the old sense) is maintained mainly on the western coast: on the island of Wolin >70%, at Wicie ≈80% and at Ustka ≈70%. This is probably associated with the general trend of distribution and density of bumblebees in Poland, where their density increases north-westwards. I have explained this rule by linking the distribution of bumblebee density with thermal continentalism coefficients (CTC) (BANASZAK 1996) . Poland is crossed by the 50% isocontinental, and the whole country lies between isocontinentals 27% and 53%. Bee density increases with decreasing CTC, and simultaneously, with the increasing influence of the maritime climate in northern and western Poland (characterized by a CTC lower than ca 43%), the bumblebee density is markedly higher there than in areas where the continental impact is stronger. The maritimecontinental gradient hypothesis of bumblebee densities is also confirmed by very low densities of these insects in the lowlands of Bulgaria and Romania, where CTCs are close to 60% (BANASZAK 1996) . This study has also revealed an unusually high proportion of species from the family Megachilidae, which have recently been recorded fairly rarely in regions distant from the sea coast. On the Baltic coast, members of this family were the major group, accounting for nearly 25% of the total catch. It must be emphasized that the Hel Peninsula (Kuźnica) was the most distinctive with respect to the number of species and individuals of the genus Megachile. Thus coastal habitats, especially the partly isolated peninsulas, are refuges of some members of the family Megachilidae.
